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Abstract
Background—Increased number of melanocytic nevi is a potent melanoma risk factor. We have
carried out a large population-based case-control study to explore the environmental and genetic
determinants of nevi and the relationship with melanoma risk.

Methods—We report nevus phenotype in relation to differing patterns of sun exposure, inherited
variation at loci shown in recent genome-wide association studies to be nevus genes, and risk.

Results—Increased numbers of nevi were associated with holiday sun exposure, particularly on
intermittently sun-exposed body sites (test for trend p<0.0001). Large nevi were also associated
with holiday sun exposure (p=0.002). Single nucleotide polymorphisms (SNPs) on chromosomes
9 and 22 were associated with increased numbers of nevi (p=0.04 and p=0.002 respectively) and
larger nevi (p=0.03 and p=0.002), whereas that on chromosome 6 was associated only with large
nevi (p=0.01). Melanoma risk was associated with increased nevus count, large nevi and atypical
nevi for tumors in all body sites (including rare sites) irrespective of age. The risk persisted when
adjusted for inheritance of nevus SNPs.

Conclusions—The at-risk nevus phenotype is associated with behaviors known to increase
melanoma risk (holiday sun exposure). Although SNPs on chromosomes 6, 9 and 22 were shown
to be nevus genes they explained only a small proportion of melanoma risk and nevus phenotype;
therefore a number of nevus genes likely remain to be identified.

Impact—This paper confirms the importance of nevi in melanoma pathogenesis and increases
understanding of their genetic determinants.

Introduction
Cutaneous melanoma is predominantly a cancer of pale-skinned peoples. Within those pale-
skinned populations, individuals with skin which tends to burn in the sun are at increased
risk (1). The genetic basis of this increased susceptibility is becoming increasingly
understood as a result both of candidate gene approaches, which resulted in the
identification of variation in the melanocortin 1 receptor (MC1R) as a susceptibility gene (2,
3), and of genome-wide association studies, which identified the tyrosinase gene and the
ASIP locus as common susceptibility genes (4, 5) (6). Sunburn and intermittent (holiday)
sun exposure are the dominant environmental determinants of melanoma risk (rather than
large cumulative exposures) in temperate climes, with stronger evidence for both
intermittent sun exposure and cumulative exposures in hotter countries (7).

Although sun-sensitive characteristics are common at-risk phenotypes, the most potent
phenotypic risk factor for melanoma is the presence of increased numbers of melanocytic
nevi (8, 9). Melanocytic nevi are benign proliferations of melanocytes which are postulated
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to result from sun-induced mutations in oncogenes, typically BRAF (10) and less frequently
NRAS (11). In the majority of such neoplasms, subsequent melanocyte senescence is
induced by tumor suppressor proteins such as p16, and the nevus therefore ceases to grow
and becomes stable or even involutes (12). In a proportion of individuals, however, a greater
number of nevi develop, and commonly the melanocytes continue to proliferate for longer
before senescence is induced. Therefore these individuals often have bigger nevi (5mm or
more in diameter), and those individuals with a particularly large number of nevi are said to
have the dysplastic nevus or atypical mole syndrome. Twin studies have provided strong
evidence that the number of nevi is predominantly genetically determined (13-16), with a
smaller effect of sun exposure (17). Genome-wide association studies have recently
identified a number of loci which determine nevus number (Duffy et al in press) (6, 18).

We report here a large case-control study of melanoma performed in the north of England,
in which the risk associated with nevus phenotype was investigated in relation to patterns of
sun exposure and the inheritance of 3 single nucleotide polymorphisms (SNPs) on
chromosomes 6, 9 and 22, in previously identified nevus genes (18) (Duffy et al paper in
press).

Materials and methods
Ascertainment of cases and controls

Studies were approved by the UK Multi-Centre Research Ethics Committee (MREC), and
the Patient Information Advisory Group (PIAG). Population-ascertained incident melanoma
cases were recruited to a case-control study in a geographically defined area of Yorkshire
and the Northern region of England (67% participation rate) as has been described elsewhere
(19). All patients gave written informed consent to participation. A total of 960 patients
(aged between 18 and 76 years) were diagnosed in the period from September 2000 to
December 2005 (19). The cases were identified via clinicians, pathology registers and the
Northern and Yorkshire Cancer Registry to ensure maximal ascertainment. During the study,
a pragmatic approach was adopted to recruitment: during two time periods patients with
very thin tumors who were unlikely to contribute to information on the determinants of
outcome were excluded given limited resources. During other time periods, all patients with
invasive melanoma were eligible in order to sample the whole melanoma population for
studies on aetiology. Thus between September 2000 and December 2001, and from July
2003 to December 2005, patients with Breslow thickness less than 0.75mm were not invited
to participate. Between January 2002 and June 2003 all patients with invasive melanoma
were invited to participate.

The 513 population-ascertained controls were identified by the cases' family doctors as not
having cancer, and were randomly invited from individuals with the same sex and within the
same 5-year age group as a case (55% response rate). Descriptive statistics were obtained
from the cancer registry of the characteristics of cases diagnosed in a similar time period to
this recruitment to demonstrate the comparability of the sample with the incident case
population as described elsewhere (Newton-Bishop et al paper in submission).

Data Collection
An initial questionnaire (including a residence calendar) was completed by the participants,
at home, and mailed to the interviewer, and more detailed sun exposure data were
subsequently collected by telephone based upon the residence calendar as described by
Armstrong (20). Comprehensive calendar data on self-reported weekday and weekend sun
exposure habits throughout life were collected, as were details about latitude of residence
and sun exposure habits during vacations. Age, sex, natural hair color at age 18 years,
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propensity to burn, ability to tan, skin color of inside upper arm and freckling as a child
using Gallagher's freckle chart (21) were recorded, based on self-report. Self reported
freckling as a child showed good correlation with nurses' examined score, p<0.0001 for
linear trend. The nurse examined mean scores were 10.0, 14.5, 24.2 and 40.4 respectively
for self-reported categories none, very few, few/some and many respectively.

Cases and controls were also examined by research nurses, who recorded eye color (blue/
grey, green/hazel or brown) and freckling scores for face, arms and shoulders using
Gallagher's chart (21). Three nurses were trained to count nevi by JNB. Nevi ≥2 mm in
diameter were counted on exposed skin: sites not examined were the genitalia and breasts in
women. The counts were subdivided into 18 body sites; nevi ≥5mm in diameter and
clinically atypical nevi were separately tabulated in each body site. An atypical nevus was
defined as a nevus ≥5 mm in diameter, with variable pigmentation and an irregular or
diffuse edge.

Genotyping
DNA was extracted from blood from consenting participants to allow detection of SNPs
(19). The SNPs rs12203592 (IRF4, chromosome 6), rs7023329 (MTAP, chromosome 9) and
rs2284063 (PLA2G6, chromosome 22) were genotyped using the Taqman genotyping
assays C__31918199_10, C__29146385_10 and C___2458775_1_ respectively (Applied
Biosystems, Foster City, USA). 2μl PCR reactions were performed in 384 well plates using
10ng of DNA (dried), using 0.05 μl assay mix and 1μl Universal Master Mix (Applied
Biosystems, Foster City, USA) according to the manufacturer's instructions. End point
reading of the genotypes was performed using an ABI 7900HT Real-time PCR system
(Applied Biosystems, Foster City, USA).

The entire coding region of the MC1R gene was screened for variants by Sanger sequencing.
The single MC1R exon was PCR amplified in three overlapping fragments. Each fragment
was sequenced in both directions using the primers from the initial amplification.
Sequencing reactions were performed as described previously (22). The sequencing results
were collated and variants identified were assigned a status as ‘R’ (strong association with
red hair phenotype), ‘r’ (weak association with red hair phenotype), or not associated with
red hair, according to a previous widely-used classification (23).

Statistical methods
Several sun exposure measures were derived from the questionnaire data: average hours of
weekday sun exposure, average hours of weekend sun exposure, average daily sun exposure,
average holiday exposure, and average exposure on holidays in sunny climates (defined as at
latitude below 45°). Aggregated sun exposure variables were classified into thirds based on
the distribution in the control population. Data on self-reported significant sunburns (defined
as causing pain for two or more days) were dichotomised as ever/never reporting sunburn,
both under the age of 20 years and at or over the age of 20 years.

Distribution of whole body nevus number was fairly skewed, and log-transformation was
applied to attain normality (Figure S1). Because nevi develop in the earlier years of life and
then involute, estimated age-sex adjusted log-transformed nevus numbers for all participants
were calculated based on regression of the log body nevus number on age and sex in the
control population. Residual log body nevus number was then calculated as the log-
transformed total body nevus number with the estimated age-sex adjusted value subtracted.
We further classified body nevus number into quarters based on the residual log body nevus
number distribution in the control population.
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Linear regression models were used to estimate the effects (regression coefficients, β) of sun
exposure patterns and nevus genotype on residual log body nevus number. Negative
binomial regression models were used to estimate effects of sun exposure and nevus
genotype on nevus number, and rate ratios (RR) and 95% confidence intervals (CI) were
estimated. Modified Poisson regression with robust error variance models were used to
analyze the presence of atypical nevi. Interactions between sun exposure and nevus
genotype on nevus phenotype were tested by comparing a model with main effects and an
interaction term with a reduced model with only main effects, using the likelihood ratio test.
Unconditional logistic regression models were used to examine the effects of nevus
phenotype and nevus genotype on melanoma risk, and odds ratios (OR) and 95% CI were

estimated. Sums-of-squares , defined as , where yi =0
for control and 1 for case, p̂i is the estimated probability of being affected, based on the

fitted model, and , was used to assess the proportion of variation explained by
covariates in the logistic regression models (24). These analyses were carried out using the
GLM, GENMOD and LOGISTIC procedures in SAS version 9.1 for PC (Copyright, SAS
Institute Inc. Cary, NC, USA).

Results
As nevus number is believed to be determined, at least in part, by sun exposure, we first
looked at the relationship between counts of all nevi and clinically atypical nevi, and
different patterns of sun exposure (Table 1). Correlations with sun exposure were
determined for cases and controls separately and then for all cases and controls together. In
Table 1 it can be seen that there was a strong positive correlation between total nevus
number and holiday sun exposure. For example cases in the highest tertile of holiday sun
exposure below 45° had a median nevus count of 56 compared with 30 for those in the
lowest tertile, and a similar increase was seen in controls. There was no convincing
relationship between either average daily exposure or sunburn and nevus number.

Holiday sun exposure was also associated with an increased number of atypical nevi,
particularly for very sunny holidays at below 45° latitude (presence of at least one atypical
nevus 58% more likely respectively for those in the middle and highest tertiles of exposure
compared with the lowest). As total nevus number and number of atypical nevi have been
shown in other studies to be highly correlated (25), we looked at the relationship between
sun exposure and atypical nevi corrected for total nevus number. The effect of holiday sun
exposure on atypical nevi persisted only for holidays at less than 45° latitude (p=0.01).

We examined the relationship between sun exposure and nevi ≥5mm in diameter, and the
data support a relationship between holiday sun exposure and number of large nevi,
although the effect was only seen for holidays at latitudes higher than 45°, individuals in the
highest tertile of exposure having on average 45% more large nevi than those in the lowest
tertile of holiday sun exposure above 45° (rate ratio 1.45, p=0.0007 for trend, data not
shown). We investigated the relationship between sun exposure in continuously exposed
body sites such as the arms, and in intermittently exposed sites such as the trunk (Table S1).
The relationship between holiday exposure and nevus number was more marked for
intermittently exposed sites (p<0.0001 for all categories of average holiday exposure,
regression coefficient β = 0.32 on log scale corresponding to a 38% increase in nevus
number comparing highest to lowest tertile of exposure, than for continuously exposed sites
(p=0.0005, β = 0.20, 22% increase). There was weak evidence that higher average weekend
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sun exposure in warmer months was associated with fewer nevi in continuously exposed
sites (p=0.05, β = -0.11, 10% decrease).

We then confirmed the relationship between inheritance of SNPs on chromosomes 9
(rs7023329), 6 (re12203592), and 22 (rs2284063) and nevus phenotype (Table 2). The A
allele at the SNP on chromosome 9 was associated with reduced total nevus number (p value
in a test for trend 0.04; median nevus count of 41 in cases with the AA genotype compared
with 43 in those with GG genotype and a similar reduction to 15 from 17 in controls), and
reduced number of large nevi (≥5mm), (p=0.03 for trend, number of large nevi in those with
AA genotype 77% of that for the GG genotype). There was no significant protective effect
for clinically atypical nevi, but the regression coefficients were of a similar order of
magnitude as for large nevi. The association between this SNP and fewer nevi was similar
for 1 and for 2 A alleles, suggesting a dominant effect. The chromosome 9 SNP showed
weak evidence of an interaction between sunburn and sun exposure and genotype (Table S2)
on nevus phenotype, represented graphically in Figure 1. The effect of sunburn at or over the
age of 20 years for heterozygotes was a 14% increase in total body nevus number (p=0.09)
and a 33% increase in large nevi (p=0.03). The effect of sunburn for GG homozygotes was a
31% increase in total body nevus number (p=0.01) and a 40% increase in large nevi
(p=0.07). There was no effect of sunburn on nevi in individuals with the AA genotype
(p=0.69 and 0.41 for total body nevi and number of large normal nevi respectively).

The T allele for the chromosome 6 IRF4 SNP showed some evidence of association with
fewer large nevi (rate ratio 0.52 for TT versus CC genotype, p=0.01 for trend) (Table 2) and
less significantly with reduced risk of atypical nevi but not total nevus count. The A allele at
the SNP on chromosome 22 was associated with both a reduced total number of nevi
(median of 39 in cases with the AA genotype compared with 45 with the GG genotype and a
less striking difference in controls, overall p=0.002 for trend) and a reduced number of large
nevi (rate ratio 0.73 for AA versus GG, p=0.002 for trend), but there was no association with
clinically atypical nevi. There was some evidence of an interaction between this SNP and
sunburn under the age of 20 years, on the number of large and atypical nevi (Table S2).
SNPs were associated similarly with nevus number in continuously exposed and
intermittently exposed sites (Table S3).

The major interest in nevus genes is their effect on melanoma risk, and we therefore looked
at the relationship between nevus phenotype and genotype (Table 3) and risk. In these
analyses we corrected for other variables in the table and also for age, sex and sun sensitivity
phenotypes such as hair color and freckling. The analysis confirmed the strong relationship
between nevus number and melanoma risk, with a crude odds ratio (OR) for melanoma of
10.02 (95% CI 6.91-14.52) comparing the top quartile with the lowest quartile of nevus
count. The relationship persisted when adjusted for number of atypical nevi and genotype,
OR 7.47 (95% CI 5.01-11.14), and sun sensitivity phenotypes, OR 11.66 (95% CI
7.78-17.48). Inheritance of the rarer allele at the SNPs on chromosomes 6, 9 and 22 was
associated with a reduced risk of melanoma, and these effects persisted when adjusted for
other SNPs and the nevus phenotype (ORs of 0.83 (95% CI 0.67-1.03), 0.85 (95% CI
0.70-1.02) and 0.86 (95% CI 0.71-1.04) per allele, respectively, for SNPs on chromosomes
6, 9, and 22, assuming an additive mode of inheritance).

As sun sensitivity is associated with an increased risk of melanoma, and inheritance of
variants in the MC1R gene is the major determinant of sun sensitivity (23, 26), we
investigated the relationship between the three nevus SNPs and melanoma risk stratified by
the presence or absence of 1 or more ‘R’ MC1R variants, that is variants known to be
strongly associated with the sun sensitive phenotype (27) (Table S4), but there was no
evidence of a differential effect. In Table 4, we report the association between nevus
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number, number of atypical nevi and inheritance of the nevus SNPs and melanoma risk at
different body sites. It is seen that nevus number, number of atypical nevi and inheritance of
the chromosome 6 and 9 nevus SNPs were more strongly associated with risk of truncal
melanoma than melanoma at other common sites. Nevus number was however also strongly
associated with risk of melanoma on the limbs, and notably also with melanoma at other
sites, including rare sites (pooled acral lentiginous melanoma, genital melanoma and
melanoma arising in the ear nose and throat).

Finally, in Table 5 we report the effect of nevus number and inheritance of nevus SNPs on
melanoma arising at different ages, since nevus phenotype changes with age. The risk
associated with increased nevus number was similar under the age of 50 years and in older
individuals. The risk associated with atypical nevi appeared greater in cases aged over 50
(p=0.001) than in those under the age of 50 (p=0.11), but the difference was not statistically
significant. Similarly the risk associated with inheritance of the nevus SNP on chromosome
22 appeared to differ by age, so that the A allele was more strongly protective for those
under the age of 50 years (p=0.003) than those aged over 50 (p=0.15), but the difference was
not statistically significant. The risk associated with the chromosome 6 and 9 SNPs was
similar in the two age groups.

We estimated the proportion of the variation in melanoma risk explained by nevus genotype,
nevus phenotype and pigmentation phenotype (Table S5). The nevus SNPs, considered
independently, each explained less than 1% of the variation, and by combining all SNPs,
only 2% was explained. The nevus phenotype however explained 19% and pigmentation
phenotypes 4% of the variation. The highest proportion of risk explained was 23%, when the
nevus SNPs and nevus and pigmentation phenotypes were combined.

Discussion
As melanoma continues to increase in incidence in many parts of the world, it remains
crucial to identify risk factors for melanoma and to understand the effects of both
environmental exposures and susceptibility genes on risk. We report here on the effect of
nevus-related SNPs associated with melanoma risk in a large case-control sample recruited
in the UK. In this area of the world the number of melanoma cases has increased (28), so
that it has become the commonest cancer in young British adults (Office of National
Statistics Data).

Pooled data analyses of case-control studies have confirmed that the major environmental
exposure associated with melanoma risk is holiday sun exposure (7), particularly in
temperate climes and that the strongest phenotypic risk factor is the presence of increased
number of nevi (9). Previous twin studies in adolescents have suggested that holiday sun
exposure is predictive of an increased number of nevi (17), and a number of studies in
healthy individuals have shown a relationship between sun exposure and nevus number (16,
29-31). In this study, we have provided further evidence that holiday sun exposure, rather
than total (daily) sun exposure, is the major determinant of nevus number in adults, and that
holiday sun exposure is also correlated with larger nevi (indicative of more proliferative
melanocytes) and (to a lesser extent) clinically atypical nevi. The data reported here do
support the view that behavior in the sun is associated with melanocyte proliferation, at least
in those with a susceptible phenotype.

It is of interest that we found some weak evidence that nevus number on continuously sun-
exposed sites such as the arms was lower (p=0.05) in those with higher levels of weekend
sun exposure in warmer months in this temperate climate. This is consistent with our recent
observation that higher levels of weekend sun exposure were protective for melanoma in the
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UK (Newton-Bishop et al in submission). That nevus number appeared to be negatively
correlated with greater weekend sun exposure in a temperate climate, might suggest that
although sunny holidays and sunburn increased nevus number, regular (moderate) sun
exposure may also be in some way related to inhibition of melanocyte proliferation. We
suggest that this is consistent with the observation that larger, clinically atypical nevi are
most numerous on intermittently exposed skin, such as the back (30), even though the
number of small nevi on the arms may be higher (31). Thus the data support the view that
the relationship between sun exposure and melanoma risk is complex.

In previous case-control (32) studies, increased nevus number and actinic keratoses (as a
marker of chronic sun exposure in the fair skinned) were both reported to be predictive of
melanoma risk, but the phenotypic markers were negatively correlated. That is, that
increased number of nevi and actinic keratoses were both risk factors but they occurred in
different people indicating the probability of two different “routes” to melanoma. Other
observations added to the suggestion that there was more than one “route” to melanoma
(33), and this has been substantiated more recently by the identification of biological
differences between tumors which have developed on intermittently sun-exposed body sites
and those on continuously exposed sites (34). In this study we have shown that increased
nevus number is related to holiday sun exposure, and although nevus number was predictive
of melanoma risk overall, the strongest relationship was with melanoma on the trunk (Table
4), which is the most intermittently sun-exposed body site. Our data are therefore consistent
with this “two route hypothesis”, and indeed with other studies including a pooled data
analysis of case-control study data in women, recently reported (35, 36) which was carried
out to test the hypothesis. However it is of note that in our study increased nevus number
was associated with melanoma risk for tumors at all body sites, suggesting that patients with
the Atypical Mole Syndrome are at increased risk of melanoma even in rare sites such as
acral lentiginous melanoma, and that the relationship between tumor site and different
biological pathways to melanoma is likely complex.

We have confirmed that SNPs in IRF4 on chromosome 6 and additional SNPs on
chromosomes 9 and 22 influence the nevus phenotype, and are associated with melanoma
risk. Of these SNPs, those on chromosomes 9 and 22 were most strongly predictive of nevus
number. The relationship between the IRF4 SNP and nevus number is reported to be
complex and dependent on age (Duffy et al, in press), which may explain the lack of
association with total nevus count in these data.

We showed that the proportion of melanoma risk explained by these SNP genotypes is small
compared to what is explained by nevus phenotype. The evidence is strong from twin
studies that nevus number is primarily under genetic control (13, 15, 16); the implication is
therefore that there are significant numbers of nevus (hypothesized to be melanoma
susceptibility) genes yet to be identified.

In summary, these data confirm that increased nevus number and bigger nevi (indicative of a
more highly proliferative melanocyte population) are associated with increased melanoma
risk. That association is particularly strong for melanoma on the trunk and limbs, but is
detected for all body sites, even in non-sun exposed skin. Thus, although our data support
the “two route hypothesis to melanoma”, they also support the view that melanomas related
to the inheritance of nevus genes occur all over the skin. The three SNPs on chromosomes 6,
9 and 22 are related both to nevus number and to melanoma risk, but a large proportion of
the nevus phenotype remains unexplained. Further exploration of the genetic determinants
of nevi using both genome wide association and candidate gene studies will be needed to
better understand the hereditary variation which determines melanocyte responses to sun
exposure and therefore melanoma risk.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Interaction between sun exposure and rs7023329_chr9 variant on (a) total body nevus
number, (b) large normal nevi, and (c) presence of atypical nevi.
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